The recessive mutant mouse jumonji (imj), obtained by a gene trap strategy, shows neural tube defects in approximately half of homozygotes with a Balb/cA and 129/01a mixed background. Here, we show that no neural tube defects are observed with a Balb/cA background. We also found hypoplasia of the liver, thymus and spleen with full penetrance with a Balb/cA background. In the livers of homozygous embryos we found excessive cell death in the peripheral region. In both the thymus and spleen, the accumulation of hematopoietic cells is affected in mutant embryos. These phenotypes were also observed with C57BL/6J and DBA/2J backgrounds, suggesting that the jmj gene plays an essential role in the organogenesis of these tissues. 0 1997 Elsevier Science Ireland Ltd.
Introduction
We have identified a novel gene, jumonji Cjmj), using a gene trap strategy (Takeuchi et al., 1995) . jmj encodes a protein showing homology in two regions, retinoblastoma binding protein 2 (RBP-2) (Fattaey et al., 1993) and XE169, which escapes X-inactivation (Wu et al., 1994) . Recently one of the two homologous regions was also shown to share homology with a novel DNA binding domain named ARID (AT-rich interaction domain) (Gregory et al., 1996) . A number of proteins, including a B cell-specific transcriptional activator, Bright, have been found to contain sequences homologous to this domain (Herrscher et al., 1995; Gregory et al., 1996) . Together with evidence that the jmj protein is localized in the nucleus (Takeuchi et al., unpublished data) , these data suggest that the jmj protein works as a DNAbinding protein.
We have also established a jmj mutant mouse using a gene trap strategy (Takeuchi et al., 1995) . In this mutant, the jmj gene is disrupted by the insertion of a trap vector. In mice with a mixed Balb/cA and 129/01a background, neural tube defects are observed in approximately half of the jmj homozygous embryos, and all homozygotes die between 10.5 and 15.5 days post coitum (dpc) (Takeuchi et al., 1995) . This incomplete penetrance of neural tube defects and the long-range stage of lethality suggest that these phenotypes are influenced by genetic background. In other words, the contribution of the jmj gene to these developmental events is possibly dependent on interactions with other gene(s). The same phenomena have been reported elsewhere. For example, the incidence of neural tube defects in curly tail mice and lethality in keratin 8 or EGF receptor knock out mice depend on the effect of genetic backgrounds (Baribault et al., 1994; Copp, 1994; Sibilia and Wagner, 1995) .
In order to determine the effect of genetic backgrounds, the jmj trapped allele has been transferred to several mouse strains. To our surprise, almost all homozygous embryos died around 15.5 dpc and no neural tube defects were observed in mice with a Balb/cA background. Taking advantage of the restricted lethal stage on the Balb/cA background, the phenotypes during midgestation were analyzed intensively. We found hypoplasia of the liver, thymus and spleen with full penetrance. These phenotypes were also of Development 66 (1997) [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] observed in other strains, C57BL16.l and DBA/2J, suggesting that the jmj gene plays an essential role in the organogenesis of these tissues.
In this paper, we report our studies described above as well as histological studies on the hypoplasia of the liver, spleen and thymus.
Results

jmj homozygous embryos show hypoplasia of the liver and die around 15.5 dpc in mice with a Balb/cA background
Integration of the trap vector containing the LacZ gene in the jmj allele causes the jmj mutation (Takeuchi et al., 1995) . To introduce the jmj mutant allele into Balb/cA mice, jmj heterozygous mice were bred for 11 generations by backcross mating with Balb/cA mice. No apparent abnormality was associated with heterozygous mice.
By 12.5 dpc, we found no differences in size or gross morphology between homozygous and wild-type or heterozygous embryos but the percentage of homozygotes was slightly less than 25%, as expected from Mendelian ratios (Table 1) . In all homozygous embryos recovered, we found serious malformation in the liver, as well as edema and excessive hemorrhaging in the back at 13.5 dpc (Fig.  lA,B) . Histological analysis also revealed marked hypoplasia of the thymus and spleen and enlargement of the pericardial cavity ( Fig. 2A,B , data on the spleen not shown). All phenotypes showed complete penetrance among the homozygous embryos identified. The population of live homozygotes decreased after 14.5 dpc (Table 1) . About half of the homozygous embryos appeared to be retarded in growth at 14.5 dpc. At 15.5 and 16.5 dpc, there were only seven viable homozygous embryos among a total of 97 embryos (Table  1) . These homozygous embryos appeared to be growth retarded. These data indicated that almost all homozygous embryos died around 15.5 dpc. No neural tube defects were observed in homozygous embryos with a Balb/cA background.
The jmj mutation causes excessive cell death in the liver
The total number of liver cells in embryos with a Balb/cA background were counted. Although the number of liver cells in homozygous embryos increased between 11.5 and 14.5 dpc, their numbers were markedly low at all stages examined compared with control embryos (Fig. 3A) .
Next we performed a histological examination of livers of homozygous embryos and found a loosened structure with enlarged sinusoidal spaces in the peripheral region at 13.5 dpc (Fig. 2C,D) . Many pycnotic cells were observed in the peripheral region of livers of homozygous embryos but not in heterozygotes (Fig. 2E,F) . In order to confirm that these cells showed cell death, we performed TUNEL staining on liver sections. As shown in Fig. 4A ,B, excessive cell death was observed in regions restricted to the periphery of livers of homozygous embryos at 13.5 dpc. In these regions, both parenchymal cells and cells of erythroid lineage showed signs of cell death with positive cells against markers for both cell types (albumin, Ter119; Ikuta et al., 1990) shown to be dramatically reduced (data not shown). No cell death as shown by TUNEL staining was observed at 11.5 or 12.5 dpc. Transmission electron microscopic analysis of livers of homozygous embryos at 14 dpc showed that the membrane systems of many cells in the region of cell death were disrupted but their nuclei were not condensed, typical features of necrosis and not apoptosis (Fig. 5B) . We also examined proliferating cells using in situ detection of incorporated BrdU (Fig. 4) . Proliferating cells were detected in the center region of the livers of mutant embryos at 13.5 dpc and BrdU labeling indices in this region appeared to be the same as in controls. However, no proliferating cells were detected in the abnormal peripheral region of the livers of mutant embryos (Fig. 4D) . Thus, necrosis and an absence of cell proliferation were observed in the abnormal region. 
jmj expression in fetal liver
The expression pattern of jmj as monitored by &galacto-sidase activity was consistent with that of jmj mRNA in wild-type embryos detected using in situ hybridization, indicating that the promoter activity of jmj can be followed by ZacZ expression (Takeuchi et al., 1995) . jmj expression can be discriminated from endogenous /3-galactosidase activity, if it exists, because &galactosidase activity derived from the trap vector is observed in the nucleus by a nuclear transporting sequence placed at the 5 terminus of the ZacZ sequence (Takeuchi et al., 1995) , while endogenous /3-galactosidase activity is detected in the cytoplasm. We studied which cells show jmj expression during normal liver development from 12.5 to 15.5 dpc by X-gal staining. We found jmj expression in at least four cell types, i.e. large hematopoietic cells, small hematopoietic cells, fibroblastic cells and endothelial cells. Expression in the fibroblastic cells was relatively weak. The nuclei of many large hematopoietic cells were lobar and cell size and morphology suggested that these cells were mature megakaryocytes. To confirm this, we used lineage markers for megakaryocytes, acetylcholinesterase (AChE) (Zajicek, 1954) and P-selectin (CD62-P) (Schick et al., 1993) . All ZacZ-positive large hematopoietic cells were also positive for both megakaryocyte markers (Fig. 6A,B) , indicating that these cells are mature megakaryocytes. Small hematopoietic cells and fibroblastic cells were negative with these mature megakaryocyte markers. Fibroblastic cells were also negative for albumin (a marker of hepatocyte), indicating that these cells are a part of liver stromal cells. Thus, jmj is expressed in mature megakaryocytes, endothelial cells, stromal cells and unknown hematopoietic cells in the fetal liver.
The population of megakaryocytes increases in livers of jmj homozygous embryos
We observed abundant lacZ-positive cells around the region of cell death in the livers of homozygous embryos (Fig. 4F) . Because many such cells showed a megakaryocyte-like morphology, we examined the population of megakaryocytes using a megakaryocyte marker, P-selectin.
The number of P-selectin positive cells in sections of homozygous embryos was greater than in sections of wild-type embryos, especially around the region of cell death in the livers (Fig. 6C,D) . AChE-positive megakaryocytes showed the same result (data not shown). The population of mature megakaryocytes in the liver was examined by counting the numbers of P-selectin positive cells among total liver cells dissociated into single cells (Fig.  3B ). The population of P-selectin positive cells in the livers of homozygous embryos was larger than that in livers of heterozygous embryos at 12.5 and 13.5 dpc, but no significant increase was observed at 14.5 dpc. Because the number of megakaryocytes increased around the cell death region in the liver of mutant embryos (Fig. 6D) , it is likely that severe cell death at 14.5 dpc influenced megakaryopoiesis and leads to a decrease in the population of mature megakaryocytes.
To test the ability of megakaryocytes of mutant embryos to give rise to platelets, we stained platelets in the peripheral blood with P-selectin. We found many P-selectin-positive platelets in the peripheral blood of jmj homozygous embryos at 13.5 dpc (data not shown). Although we could not compare the number of platelets because of low blood volumes, this result indicates that megakaryocytes of mutant embryos are capable of terminal differentiation. of Development 66 (1997) 27-37 Fig. 5 . Necrotic cell death in the liver of homozygous embryos. Transmission electron micrographs of the region of cell death in mutant liver (B) and corresponding region of the heterozygous embryo (A) at 14 dpc. The arrow in (B) shows a necrotic cell whose membrane systems are disrupted but whose nucleus is not condensed, which were typical features of necrosis. Scale bar, 2 pm.
Accumulation of hematopoietic cells in the thymus and spleen is afSected by jmj mutation
The jmj gene is expressed in stromal cells but not in hematopoietic cells in the thymic and splenic primordia (Fig. 7 , data for the spleen not shown). Hypoplasia was observed in the thymus and spleen of mutant embryos, and we characterized these defects by means of immunohistochemistry and electron microscopy. Because an interaction between stromal cells and pre-thymocytes is necessary for thymus organogenesis (Shores et al., 1991; Shinkai et al., 1992; Hollander et al., 1995) , we examined pre-thymocytes in thymic primordia of heterozygous and homozygous embryos. Pre-thymocytes were stained immunohistochemically using anti-CD45 antibody (Springer et al., 1978; van Ewijk et al., 1981) . The thymic primordia of heterozygous embryos showed the accumulation of many pre-thymocytes (Fig. 7A,B) , whereas there were none in the primordia of homozygous embryos at 13.5 dpc, and few at 14.5 dpc (Fig. 7C,D) .
Ultrastructural analysis of the splenic primordia of homozygous embryos also revealed few hematopoietic cells and a loose structure with stromal cells (Fig. 8B) , whereas many hematopoietic cells accumulated and stromal cells formed the tubular structures in the primordia of heterozygotes at 13.5 dpc (Fig. 8A ).
The same phenotypes were observed for mice with C57BLf6J and DBALZJ backgrounds as for those with a Bulb/CA background
In order to examine whether the phenotypes observed for stromal cells detected by X-gal staining and CDU-positive prethymocytes, respectively. From 13.5 to 14.5 dpc many CD45-positive pre-thymocytes accumulated in the primordia of heterozygous embryos, whereas there were none in the primordium of homozygous embryo at 13.5 dpc and few at 14.5 dpc. Scale bar, 50 pm. of Development 66 (1997) [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] jmj -I- mice with a Balb/cA background also appear with other backgrounds, jmj heterozygous mice were bred for six generations by backcross mating with C57BL/6J and DBA/2J mice. Basically, the same phenotypes were observed for mice with both backgrounds as for those with a Balb/cA background. All homozygous mice examined showed edema, hypoplasia of the liver, thymus and spleen at 13.5-15.5 dpc, and died around 15.5 dpc with no evidence of neural tube defects. A total of 66 C57BL/ 65 and 62 DBM2J embryos at 10.5-16.5 dpc were examined. These data suggest that thejmj gene plays an essential role in the organogenesis of these tissues and viability up to 15.5 dpc.
Discussion
Abnormalities in the liver of jmj mutant embryos
As demonstrated by the present studies, livers in jmj homozygous embryos showed three abnormalities, i.e. a decrease in the total number of liver cells, excessive cell death and an increase in the population of megakaryocytes. It is important to understand the relationships between these abnormalities to speculate as to the function of jmj in the fetal liver.
The first defect we observed in the livers of jmj mutant embryos was the decrease in the total number of liver cells at 11.5 dpc (Fig. 3A ). An increase in the population of megakaryocytes was then detected after 12.5 dpc (Fig.  3B ). This abnormal increase in differentiated megakaryocytes suggested that the number of progenitor cells, cell proliferation, or the maturation rate of megakaryocytes rises before 12.5 dpc in the livers of jmj mutant embryos. There may be some defects before 12.5 dpc that cause not only the decrease in the total number of liver cells but also the abnormal development of megakaryocytes. We are now studying whether other lineages of early hematopoiesis as well as hepatogenesis are affected in early stage livers of jmj mutant embryos.
Excessive cell death was detected especially in the peripheral region of the livers of jmj mutant embryos (Fig. 4B) . We also observed that the number of megakaryocytes increased especially around the region of cell death (Fig.  6D) . From these results it is likely that cell death is related to the abnormal increase in the number of megakaryocytes. Because the increase in megakaryocytes was observed as early as 12.5 dpc while abnormal cell death was first detected at 13.5 dpc, it is plausible that the increase in megakaryocytes might directly or indirectly lead to the death of surrounding cells. Of course, at the same time we should consider the possibility that the environmental conditions related to abnormal cell death might lead to the increase in the number of megakaryocytes.
In order to determine the relationships among the three abnormalities, a more detailed examination of each abnormality at various embryonic stages will be required.
Defects in the thymus and spleen of jmj mutant embryos
We found that the number of hematopoietic cells in the thymus and spleen was reduced in jmj homozygous embryos. In these organs, jmj expression was detected in stromal but not in hematopoietic cells during normal development. We thus considered two possibilities as causes for the defects. One possibility is that the abnormalities in the livers of mutant embryos might directly or indirectly cause an abnormal migration of hematopoietic cells or a failure of homing to the thymus and spleen primordia because most accumulating hematopoietic cells are derived from the fetal liver. Another possibility is that the loss of the jmj protein required for the stromal cells in the thymic and splenic primordia perturbs the subsequent homing or proliferation of progenitors from the fetal liver.
We also found marked reductions in the numbers of CD45 (a common leukocyte marker; Springer et al., 1978) positive cells and c-kit (progenitor marker in hematopoietic cells; Ogawa et al., 1991 Ogawa et al., , 1993 positive cells in the livers of mutants at 12.5-14.5 dpc (Kitajima and Takeuchi, unpublished data) . These data support the former possibility that decreased numbers of hematopoietic cells in the thymus or spleen are secondary to the defect in the liver. However, to identify the primary defect conclusively, an exact quantihcation of the number of hematopoietic progenitors in the liver or blood, or recombination culture of normal primordia and mutant hematopoietic cells or mutant primordia and normal hematopoietic cells is necessary.
Diflerences in phenotypes of mutant embryos depending on genetic background
About half of the jmj mutant embryos showed neural tube defects in mice of a mixed Balb/cA and 129/01a background (Takeuchi et al., 1995) . On the other hand, no neural tube defects were observed with Balb/cA, C57BL/6J, or DBA/2J backgrounds, suggesting that the incomplete penetrance on the mixed background was due to the heterogeneous genetic background of the homozygotes and that the contribution of the jmj gene to neurulation depends on interactions with other gene(s) (modifying genes). The effect of genetic background on neural tube defects has often been observed in spontaneous mouse mutants (Copp et al., 1990; Copp, 1994) . In the case of neural tube defects in the curly tail mutant, a widely varying incidence of defects is seen in embryos with different inbred backgrounds, with Balb/c promoting the highest penetrance (47.8%) and DBA/2 the lowest (0.8%) (Copp, 1994) . For this mutation, chromosome mapping of the modifying genes has been done using recombinant inbred strains.
In the case of mixed Balb/cA and 129/01a background, the jmj homozygous embryos died between 10.5 and 15.5 dpc (Takeuchi et al., 1995) . However, almost all homozygotes died around 15.5 dpc in embryos with a Balb/cA background. These results suggest at least two causes for lethality in the case of mixed background, one cause of early lethality (before 15.5 dpc) and another cause of late lethality (around 15.5 dpc).
The cause of early lethality is probably influenced by the effect of genetic background because almost all homozygous embryos with a Balb/cA background showed late lethality. However, the rate of homozygous embryos at 12.5 dpc was less than 25% in embryos with a Balb/cA background in the present study (approximately 20.1%) ( Table 1 ). This suggests that early lethality still remains. This incomplete penetrance is likely to be due to residual heterogeneity in the genetic background. Further backcross matings are in progress, and a more reliable estimation will be obtained.
The cause of late lethality in the case of mixed background is probably the same as that in embryos with Balb/ CA, C57BL/6J or DBA/2J backgrounds because recovered E14.5 homozygous embryos with mixed background showed the same phenotypes (severe edema in large areas of the back, hemorrhage, hypoplasia of the liver) as those observed for embryos with the other, three backgrounds (Takeuchi et al., 1995 and unpublished data) . These results suggest that the role(s) of the jmj gene in late lethality is essential although the cause remains unknown.
Experimental procedures
jmj-mutant mice
The jmj mutant mouse line was originally generated on a BalblcA and 129/0la mixed background (Takeuchi et al., 1995) . To introduce the jumonji mutation to the Balb/cA, C57BW6J and DBA/2J backgrounds, jmj heterozygous mice were bred by backcross mating with BalbfcA Jcl, C57BW6J Jcl and DBA/U Jcl (Clea, Japan) mice. Embryos homozygous for the jmj allele were generated from intercrosses of heterozygous mice. Embryos were harvested from natural timed mating. The presence of a vaginal plug was regarded as 0.5 dpc.
Histology
We dissected mouse embryos in Dulbecco's phosphate buffered saline (PBS) and fixed them in Bouin's fixative (Sigma) at room temperature for 6 h. The embryos were then dehydrated in ethanol, cleared with xylene and embedded in paraplast. The specimens were cut into 5 pm sections and stained with hematoxylin and eosin (Sigma) for conventional analyses. All embryos were genotyped by PCR using genomic DNA isolated from the yolk sac (Takeuchi et al., 1995) .
X-gal staining
We fixed embryos in 1% formaldehyde, 0.2% glutaraldehyde and 0.02% NP-40 in PBS at 4°C for 2 h and embedded them in OCT compound (Miles). The frozen sections were stained for several hours or overnight at room temperature in 0.1% 4-chloro-5-bromo-3-indolyl-b-D-galactopyranoside (X-gal, Nova Biochem), 5 mM bFe(CN), and 5 mM KsFe(CN)e in the same buffer. Sections were washed in PBS and postfixed in 2% glutaraldehyde in PBS or processed for immunohistochemical detection as described below.
TUNEL staining
To detect apoptotic cells from tissue sections, we used TUNEL staining according to the original method of Gavrieli et al. (1992) . Incorporated dUTP was detected by streptavidin-alkaline phosphatase (GIBCO).
In vivo labeling and in situ immunohistochemical detection of proliferating liver cells
In vivo labeling was performed and DNA replicating cells were detected as described by Gratzner (1982) and Komano et al. (1995) .
Localization of acetylcholinesterase
Embryos were fixed and embedded as described in Section 4.3. Frozen sections were reacted with acetylthiocholine-iodide (Sigma) and washed in 0.1 M phosphate buffer (pH 6.0). The sections were then incubated with staining mixture (1 mM acetylthiocholine-iodide, 75 mM phosphate buffer (pH 6.0), 5 mM sodium citrate, 3 mM copper sulfate and 0.5 mM potassium ferricyanide) at 25°C for 15 min. The reaction was terminated by washing in PBS.
Enumeration of liver cells
Single-cell suspensions were prepared by passing the liver through a 26-gauge needle about five times in 10 mM EDTA, 0.1% bovine serum albumin in PBS. Cell numbers were then determined by counting in a hemocytometer.
Immunohistochemistry
Embryos at 12-14 dpc were fixed and embedded as described in Section 4.3. Single cell suspensions for counting megakaryocytes were prepared as described in Section 4.7. The frozen sections or cell suspensions were probed with the first antibody overnight at 4°C. Vectastain ABC Elite kit (Vector Laboratories) was then used. As first antibodies we used antibodies against P-selectin, Terl19 (Pharmingen), albumin (Inter-Cell Technologies) and CD45 (Bethesda Research Laboratory).
Transmission electron microscopy
Defects in the liver and the spleen were studied by transmission electron microscopy. The procedures for fixation, embedding, cutting and staining were described in our previous study (Takeuchi et al., 1995) .
